The production of an ant-deterrent factor(s) (ADF) by Xenorhabdus nematophila and Photorhabdus luminescens, the symbiotic bacteria of the nematodes Steinernema carpocapsae and Heterorhabditis bacteriophora, respectively, was examined. In addition to an in vivo assay in which bacteria were tested for their ability to produce ADF within insect cadavers (M.E. Baur, H. K. Kaya, and D. R. Strong, Biol. Control 12:231-236, 1998), an in vitro microtiter dish assay was developed to monitor ADF activity produced by bacteria grown in cultures. Using these methods, we show that ADF activity is present in the supernatants of bacterial cultures, is filterable, heat stable, and acid sensitive, and passes through a 10-kDa-pore-size membrane. Thus, ADF appears to be comprised of a small, extracellular, and possibly nonproteinaceous compound(s). The amount of ADF repellency detected depends on the ant species being tested, the sucrose concentration (in vitro assays), and the strain, form, and age of the ADF-producing bacteria. These findings demonstrate that the symbiotic bacteria of some species of entomopathogenic nematodes produce a compound(s) that deters scavengers such as ants and thus could protect nematodes from being eaten during reproduction within insect cadavers.
Xenorhabdus spp. and Photorhabdus spp. are motile, gramnegative bacteria belonging to the family Enterobacteriaceae (5, 8) and are mutualistically associated with specific entomopathogenic nematodes in the families Steinernematidae and Heterorhabditidae, respectively. The bacteria are carried as symbionts in the intestinal tract of the only free-living stage of the nematode, the infective juvenile (IJ). The nematodebacterium complex invades and kills the immature and adult stages of numerous insects (15) . IJs enter insect species through natural orifices and subsequently penetrate into the hemocoel where bacteria are released, resulting in insect death within 48 h. In the insect cadaver, the bacteria serve as a food source and are required for nematode growth and reproduction. Once nutrients have been exhausted in the insect cadaver, progeny nematodes develop into IJs carrying the bacterial symbiont and exit the cadaver to search for a new host (7) .
The symbiotic association with nematodes is thought to enable the bacteria to survive outside of and be effectively transmitted between insect hosts. The bacteria, in turn, are essential for killing most insect hosts and are required for the nematode to complete its life cycle. Xenorhabdus and Photorhabdus bacteria can occur as one of two phenotypic variants (previously referred to as phase variants) known as primary form (1°form) or secondary form (2°form) (7) . The 1°-form bacteria are always found associated with field-collected nematodes and produce antibiotics, adsorb certain dyes, and develop large intracellular inclusions composed of crystal proteins (3, 6, 7) . The 2°form can arise spontaneously in aged laboratory cultures of bacteria. It does not bind to dye products and is defective in the ability to produce many of the substances associated with the 1°-form variant.
Because of their wide host range, ease of production, and the need to find an alternative approach to chemical pesticides in the soil, entomopathogenic nematodes have been used extensively as bioinsecticides against soil pests (15) , and levels of control equivalent to those of chemical pesticides have often been achieved (9) . One limitation to their effective use is that the abundance of nematodes is greatly reduced after application (22) . The causes of this rapid decline in the applied population have been attributed to the presence of antagonists in the soil (13) and the lack of appropriate insect hosts, as well as extremes of temperature, UV light, and desiccation (14) . Furthermore, nematode recycling and infection of new insect hosts may be adversely affected when scavengers consume nematode-killed insects before IJs exit the insects and enter soil (2) .
The bacterial symbionts of entomopathogenic nematodes produce many chemical compounds within the insect cadaver (26) , some of which appear to protect against invasion by opportunistic organisms and thereby enhance the development and survival of the nematodes. For example, arthropod scavengers, such as the Argentine ant Linepithema humile (Mayr), are deterred from feeding on Photorhabdus-or Xenorhabduskilled insects (2) . While the capability of the bacteria to produce compounds that deter scavengers remains poorly understood, their activities apparently enhance the development and survival of their nematode hosts. We report here the responses of L. humile, Lasius alienus (Foerster), and Formica subsericea (Say) ants to Photorhabdus spp. and Xenorhabdus nematophila (Poinar and Thomas) bacteria. The activity, production, and some biochemical characteristics of an ant-deterrent factor(s) (ADF) produced by entomopathogenic bacteria are described.
MATERIALS AND METHODS
Strains, propagation, and storage conditions. Nematode strains used were Steinernema carpocapsae (Weiser) All and Heterorhabditis bacteriophora Poinar NC1. All nematodes were reared in wax moth larvae as previously described (17) and stored in water at 15°C for no more than 3 weeks before they were used. S. carpocapsae nematodes carrying HGB007 bacteria were generated by cultivating sterile nematode eggs on lawns of HGB007 and harvesting the progeny IJs in water traps as previously described (11, 23, 24) . Subsequent rearing was conducted in wax moth larvae as previously described (17) . Xenorhabdus and Photorhabdus bacterial strains used in this study are listed in Table 1 . The bacteria were streaked on NBTA (10) as needed to detect possible phenotypic variation before using them in experiments. 1°-form bacteria were used in all experiments except where specified. Bacteria taken from Ϫ70°C stocks were either transferred directly into liquid culture or were first transferred to NBTA medium, grown for 48 h, and then transferred to liquid culture. For liquid culture, bacteria were grown at 28 to 30°C aerated in nutrient broth (NB) (Difco, Detroit, Mich.) or Luria-Bertani broth (LB) (18) for the lengths of time indicated for each experiment.
Ant test sites. Three field sites-the University of California, Davis (UC-Davis) campus (Yolo County), a marina in Berkeley, California (Alameda County), and the University of Wisconsin, Madison (UW-Madison) campus (Dane County)-were chosen for experiments in the natural habitats of the ants. The Argentine ant, L. humile, which is common in disturbed areas such as urban and agricultural habitats throughout much of California (12, 25) , was tested for its response to bacterial secondary metabolites at the first two locations. L. alienus and F. subsericea, identified by Philip Ward (UC-Davis), were studied at the Wisconsin site.
To establish laboratory ant colonies, L. humile workers, queens, and broods were collected in the field by digging up the nests with soil and leaf litter in Davis, California. The ants were allowed to form nests as described by Baker et al. (1) . Briefly, plastic petri dishes (100 by 15 mm) were partially filled with plaster of Paris which, once hardened, was kept moist by a wick submerged in water. Ants established nests in the dishes after the infested material (soil or litter) was placed in a bucket, and water was added. As the water level rose, the ants took refuge in the petri dish, which was covered with red cellophane to create a dark environment. Eleven colonies, ranging from about 2,000 to 5,000 individuals/ colony, were established.
In vivo ADF activity assays (California test sites only). Bacterium-infected insects used in ADF assays were obtained by injecting last-instar Galleria mellonella (L.) larvae (Rainbow Mealworms, Inc., Compton, Calif.) with bacteria that had been grown on NBTA for 48 h and then suspended in sterile Ringer's solution (17) . Using a hemocytometer, a bacterial count was made for each culture. On the basis of this count, each culture was diluted so that there were approximately 100 bacterial cells/l. Ten microliters of the bacterial suspension was injected into the second proleg of a chilled larva (held at 4°C for 10 min) with a 27-gauge needle on a 2-ml syringe. Sterile Ringer's solution was used as a control. The injected larvae were placed in petri dishes and incubated at room temperature for 4 days. The 4-day-old bacterium-killed larvae were used for field and laboratory experiments. Control larvae injected with Ringer's solution were frozen for at least 2 h and used as freeze-killed controls.
To obtain nematode-or bacterium-infected insects for testing ADF activity, 10 wax moth larvae were placed in a 10-cm-diameter petri dish lined with a filter paper onto which 200 IJs had been applied. The petri dishes with infected wax moth larvae were kept at ambient laboratory conditions (23 Ϯ 2°C) for 4 days (hereafter referred to as 4-day-old, postinfected insects). The weight of wax moth larvae used in all experiments ranged from 240 to 260 mg/larva.
For laboratory ant colony experiments, one cadaver from each treatment was placed on a filter paper and introduced into an ant colony. A minimum of 10 colonies was used for each experiment. The colonies were deprived of food but not water for 48 h prior to the experiment.
In field ant colony experiments, nematode-killed or bacterium-killed insects were placed on a filter paper (90-mm diameter) near ant foraging trails. To protect the insect cadavers from birds, filter papers containing the cadavers were covered by the bottom side of plastic petri dishes (100-mm diameter) with 8 holes (15-mm diameter) to allow ants to forage on the cadavers. Cadavers from each treatment were arranged randomly in a circle. Experiments were conducted under natural shade conditions.
Observations on the condition of the cadavers were made 24 h after placement by using a 10ϫ hand lens in the field and a dissecting microscope in the laboratory. Cadavers were classified as "intact" if no breaks in the integument were observed or as "not intact" if one or more puncture wounds were observed. Ant counts were initiated 10 min after the cadavers were placed in the experiment site and recorded at 10-min intervals thereafter for 60 min.
In vitro assays for ADF activity. In all experiments, the arrangement of bacterial suspension in the wells of each plate was completely randomized, and samples were compared with water controls to determine when the difference between the pre-and postexperimental amounts was due to evaporation. Each well contained 0.2 to 0.21 ml of test suspension, and the substrate remaining after testing was measured by volume or weight. We observed that L. humile ants congregated on the rows or columns near the edges of the plates and did not proceed inward until the sucrose suspension in the well near an edge was consumed. To avoid this "edge effect," only the wells along one side were used for all experiments with L. humile ants, and one side of the plate was coated with a sucrose solution to attract ants to the plates. The Wisconsin ant species studied, L. alienus and F. subsericea, did not show a preference for edge wells. For these ants, flexible polyvinyl chloride microtiter plates were cut to size such that all wells in the block were used (e.g., 3 ϫ 8 for an experiment with eight treatments). Each block was placed in a standard 10-cm-diameter plastic petri dish in which four holes were made at roughly equal distances in the side walls using a heated no. 1 cork borer to give ants access to the wells and placed near a different ant trail or nest.
California experiments were performed all year at temperatures ranging from 15 to 30°C for field experiments compared to 23 Ϯ 2°C for laboratory experiments. Wisconsin experiments were limited to field trials between July and September, with temperatures ranging from 8 to 34°C.
In California, after placement, ant counts were conducted at the same intervals as for the field experiments, and the experiment was terminated in less than 60 min if any one suspension was consumed prior to this time. Two wells for each treatment were used in a plate (a replicate). Except where noted otherwise, eight replicates (plates) were included in each experiment. In Wisconsin, there were three replicate wells for each treatment in each well block, and there was a minimum of two blocks per experiment. L. alienus and F. subsericea were allowed to feed on the substances for a minimum of 6 h (visitation by ants was not monitored during this time).
Ant behavior. L. humile was the only ant species observed in and around the field sites in Davis, California. Generally, it took 5 to 10 min and 1 to 2 min for worker ants to locate the insect cadavers or bacterial suspensions in the field and laboratory experiments, respectively. There were more ants on the cadavers during the first 1 to 2 h after placement than 2 h after placement in laboratory trials, but ants fed on freeze-killed insects at the same intensity during the duration of the field trials. Approximately 100 to 150 ants were required to completely consume the sucrose control solution in one well. A well can host ca. 45 ants at one time during the feeding period. An individual ant spent 1 to 2 min at a control well containing a sucrose suspension before leaving.
Similar observations were made at the Wisconsin site. Test suspensions were located by worker ants within 10 min and visited at high intensity within 30 min. a Form variants were verified by observing colony color and zone of clearing on NBTA medium (10) .
b ATCC, American Type Culture Collection (Rockville, Md.). c In the lab of H. Goodrich-Blair, HGB030 was isolated from an aged culture of HGB007 and HGB159 was isolated from an aged culture of HGB008.
d Isolated by H. Goodrich-Blair from surface-sterilized infective-stage S. carpocapsae All strain nematodes by homogenization (27) .
e Gift of J. C. Ensign, UW-Madison.
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ADF activity was evaluated by consumption only. Time for complete consumption of the sucrose control treatments depended on ant size, colony size, weather conditions, and frequency of testing at the specific site (i.e., starvation level of the ants) but usually varied between 2 and 6 h. Ants sampled all wells but concentrated their efforts on consuming control wells or those with least ADF activity. Once these wells were completely emptied, the process continued until the ants encountered the wells where the ADF activity completely prohibited consumption. Biochemical characterization of ADF. For experiments to test the effects of filtration on ADF activities from isolates HGB007 (cultured for 108 h), HGB008 (cultured for 132 h), and HGB325 (cultured for 132 h), cell-free supernatants were prepared by centrifuging bacterial suspensions at 2,000 ϫ g for 20 min and passing each supernatant through a 0.45-m-pore-size Millipore filter (Millipore, Bedford, Mass.). Nonfiltered cultures served as controls.
Heated samples for in vitro assays were obtained by autoclaving (121°C for 20 min) cell-free supernatants of HGB007, HGB008, and HGB325 isolates. Nonautoclaved cultures and autoclaved NB served as controls. For in vivo assays, autoclaved bacterium-killed insects served as the heated treatment, whereas nonautoclaved cadavers served as the nonheated treatment. Freeze-killed wax moth larvae that had been autoclaved or had not been autoclaved served as controls.
For experiments testing the effect of pH on ADF activity, a cell-free supernatant from a culture of the HGB007 isolate grown for 48 h (pH 8.4) was divided, put into six separate tubes, and adjusted to pH 2, 4, 6, 8, 10, or 12 with either 0.1 M HCl or 0.1 M NaOH, followed by the addition of sucrose to 25%. Control samples of 25% sucrose adjusted to the same range of pH were included in the experiment, which was conducted twice according to the Wisconsin trial conditions.
For molecular weight analyses, cell-free supernatants from HGB007 cultures that had been grown for 48 h were separated by size on a Centricon 10-kDacutoff filter (Millipore) into eluate (Ͻ10-kDa) and retentate (Ͼ10-kDa) fractions. Each fraction was normalized by the addition of water to the proportional weight/volume of the input solute. A reconstituted sample was prepared by mixing eluate with retentate in the same proportions as in the original sample. Sucrose and water samples served as a control. The experiment was performed twice, each time with a different supernatant preparation, according to the in vitro Wisconsin test site conditions. Statistical analysis. The number of worker ants visiting the insect cadavers or suspension treatments, the amount of suspension removed from wells, and the number of intact cadavers were transformed into proportional data. The proportion of ants visiting one treatment was calculated as follows. The number of ants visiting that treatment (total of two wells) at each 10-min interval was totaled and divided by the total number of ants visiting all the treatments in a given plate. The proportion of suspension removed in a treatment was obtained by dividing the suspension removed in one treatment (total of two wells) by the original volume of suspension present in the treatment at the start of the assay. Proportional data were arcsine-square root transformed before conducting a two-way analysis of variance and then Duncan's new multiple-range test (21) . Untransformed data, such as percentage of suspension removed, are reported here, and mean values Ϯ standard errors are provided.
RESULTS
Effect of sucrose concentration on ADF activity. Sucrose was used to attract ants in in vitro assays, and its concentration was tested for its impact on L. humile ant visitation behavior and feeding during monitoring of bacterial deterrence. The bacterium used for this purpose was HGB007, an X. nematophila strain that had exhibited the ability to deter ants at the Wisconsin field site. It should be noted that Escherichia coli cultures are readily visited and consumed by ants (Table 2) and that ADF activity is not a general property of bacterial cultures. Sucrose was added to various concentrations to culture medium with and without HGB007 and tested against L. humile ants.
Ant visitation was measured in two independent trials of 10 treatments each (5 treatments for NB and 5 treatments for HGB007) (data not shown). The proportion of the ant population visiting wells containing sucrose concentrations of Ն10% was significantly higher than those visiting wells with no sucrose or with a sucrose concentration of 5% (trial 1, F ϭ 117.83, df ϭ 9, 140, P Ͻ 0.0001; trial 2, F ϭ 51.76, df ϭ 9, 140, P Ͻ 0.0001). In each of these trials, the proportion of ants visiting NB and HGB007 wells with no sucrose was low (Ͻ 0.02).
The extent to which ants consumed test solutions was proportional to the amount of sucrose that was present (Fig. 1) . Ants do not consume solutions containing no added sucrose and visit such solutions less frequently. Interestingly, the amount of 5% sucrose solution consumed was decreased if a bacterial suspension was added to the sucrose solution (Fig. 1) ; however, this effect was masked at sucrose concentrations of Ն10%. We developed an assay using the 5% sucrose solution as a base, and we defined ADF activity as the ability of added bacterial suspensions or culture supernatants to deter normal levels of either ant visitation or solution consumption.
These data are in contrast to the feeding behavior of L. alienus and F. subsericea ants. These ants appeared to be more sensitive to ADF activity and did not consume HGB007 cultures with 25% sucrose (Table 3 ). All subsequent experiments with L. humile were therefore performed with 5% sucrose concentrations, whereas for experiments with L. alienus or F. subsericea, 25% sucrose concentrations were used.
Time course of ADF production in vitro. At the Wisconsin test site, it was found that cultures of HGB007 (X. nematophila) grown for 48 h had more ADF activity, measured by a reduction in ant consumption of test solutions, than cultures grown for 24 h (data not shown). In fact, under Wisconsin in vitro assay conditions, the HGB007 cultures grown for 48 h usually had attained a maximal level of deterrence activity (i.e., very little suspension removed from the wells). Therefore, this growth time was used for all test cultures at the Wisconsin site. d There was a significant difference between the number of field ants visiting the E. coli control versus the bacterial treatments (F ϭ 34.93, df ϭ 2, 32; P Ͻ 0.05).
e Significantly more suspension remained in the wells of 1°-or 2°-form bacterial treatments than that for the E. coli control treatment (F ϭ 4697.98, df ϭ 2, 32; P Ͻ 0.001).
f There was a significant difference between the treatments of 1°-and 2°-form bacteria or freeze-killed control (F ϭ 67.5, df ϭ 2, 67; P Ͻ 0.0001).
g NA, not applicable.
In contrast, maximal ADF activity was not observed by 48 h of bacterial growth at the California sites. Therefore, the timing of appearance of ADF activity at these sites was assessed. Samples from HGB007 (X. nematophila) and HGB008 (P. luminescens) cultures were taken at various times over a 132-and 144-h time period, respectively, and tested for deterrence of ant visitation (Fig. 2 ). There were significant differences in the mean proportions of ants visiting HGB008 with the different bacterial growth times (F ϭ 89.94, df ϭ 12, 436; P Ͻ 0.001). Ant visitation to samples taken after 84 h of bacterial growth decreased (i.e., ADF activity increased) and was lowest (P Ͼ 0.05) for samples taken at 132 h of bacterial growth.
The length of time of bacterial growth also affected the ants' response to HGB007 (F ϭ 119.46, df ϭ 11, 216; P Ͻ 0.0001) (Fig. 2 ). There was a sharp decrease in visitation to HGB007 samples taken from cultures grown for 0 versus 12 h and a steady decrease in visitation of ants to samples taken after 12 h of growth, with the lowest visitation to samples from cultures grown for 108 h. For all subsequent California in vitro ADF activity experiments, X. nematophila strains were grown for 108 h, and P. luminescens strains were grown for 132 h.
Production of ADF activity in vivo.
We tested the response of L. humile to insects killed by different nematode-bacterium pairs and found a significant difference in ant response depending on the bacterial strain harbored by the nematode (F ϭ 412.38, df ϭ 3, 203; P Ͻ 0.0001) (Fig. 3A) . Ants approached and touched the insects killed by S. carpocapsae harboring HGB007 and H. bacteriophora harboring P. luminescens HGB326 and then left the cadavers. In contrast, the proportion of ants that fed on the insects killed by S. carpocapsae carrying HGB001 was significantly higher.
We then assessed ADF activity in larvae that had been killed by direct injection (i.e., without any nematodes) of strains of Xenorhabdus (HGB007) and Photorhabdus (HGB008 and HGB325) by monitoring L. humile ant visitation at the California test sites. As expected, the ants responded differently to bacterium-killed versus freeze-killed insect hosts in the field (Fig. 3B ) and lab (data not shown). In field experiments, significantly more ants fed on the freeze-killed insects than on any of the bacterium-killed insects (F ϭ 36.7, df ϭ 3, 101; P Ͻ 0.001) (Fig. 3B) . Ninety-six percent of the freeze-killed insects were no longer intact, and the other 4% were missing after the 24-h experiment. In contrast, only 6% of the bacterium-killed insects had their integument punctured, and the remaining cadavers were intact. Similar results were obtained when larvae humile feeding. The HGB007 isolate was grown in NB for 108 h, and powdered sucrose was added to the final sucrose concentrations indicated on the x axis. Sterile NB was used as a control. Eight plates (eight replicates) were used; each plate contained one well of each treatment. The experiment was conducted at four Davis field sites over the course of 4 days at temperatures ranging from 21 to 25°C. Experiments were terminated when the suspension in one of the wells on the plate was consumed. There was no significant difference (P Ͼ 0.05) between the values with the same lowercase letter above the bars.
FIG. 2.
Time course of ADF activity production by isolates HGB007 and HGB008. HGB007 and HGB008 were grown in NB, and samples were taken at 12-h intervals. Bacterial suspensions from the two species were placed into different plates and tested separately, and eight replicates per bacterium were used. Experiments were conducted at four Davis field sites, and experiments were conducted twice. The sample size ranged from 75 to 257 ants/plate for HGB008 and 51 to 141 ants/plate for HGB007. Table 1 for detailed description of strains) were grown aerated in LB for 48 h and tested at 25% sucrose.
b Proportion of suspension removed from wells after 6 h of exposure to ant trails. Values are averages Ϯ standard errors.
c NA, not applicable.
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killed by various bacterial strains were placed in 10 laboratory ant colonies (one larva for each treatment per colony). Last, we compared ADF activity of various bacterial strains when grown in laboratory growth medium. Xenorhabdus (HGB001 and HGB007) and Photorhabdus (HGB008, HGB325, HGB326, and HGB327) strains were grown in NB and tested for visitation by L. humile in the California field sites (Fig. 3C ). There were significant differences in the different treatments (F ϭ 290.73, df ϭ 6, 480; P Ͻ 0.0001), with the highest proportion of ants feeding on control wells (NB plus 5% sucrose), which was significantly higher than that for other treatments. All NB-cultured Xenorhabdus and Photorhabdus strains tested had some measurable ADF activity against Argentine ants, with HGB326 having the least activity and HGB007 having the most activity.
Effect of phenotypic variation on ADF activity. The effect of phenotypic variation on ADF activity produced by HGB007 cultures grown for 48 h was assessed in field experiments in Wisconsin (Table 3) . Cultures of 2°-form X. nematophila (HGB030) did not show ADF activity; ants consumed the entire mixture. The effect of HGB008 phenotypic variation was measured at field and laboratory sites at Davis, Calif. (Table  2) . Surprisingly, phenotypic variation did not affect ant response to P. luminescens grown in laboratory culture but did affect ant response to P. luminescens in insect larvae. While ants did not consume either 1°-or 2°-form P. luminescens grown in NB, they did consume the sucrose-only control treatment. In contrast, while ants did not visit or attempt to eat larvae killed by 1°-form P. luminescens (HGB008), they did visit larvae killed by 2°-form P. luminescens (HGB159). In fact, there was no significant difference in the proportion of ants visiting 2°-form P. luminescens-killed insects versus freezekilled insects (F ϭ 0.14, df ϭ 3, 127; P Ͼ 0.70). A similar response was observed with the cadavers in the 11 laboratory ant colonies (data not shown).
Biochemical characterization of ADF activity. We conducted several experiments to begin characterizing the biochemical nature of ADF. First, the effect of filtration on ADF activity from supernatants of cultures of HGB007 (grown for 108 h), HGB008 (grown for 132 h), and HGB325 (grown for 132 h) was determined by monitoring L. humile visitation in laboratory and field Argentine ant colonies. It was found that on August 28, 2017 by guest http://aem.asm.org/ laboratory ants were deterred by the filtered and nonfiltered bacterial cultures equally (data not shown). A similar response was detected in the field, where there was no significant difference between filtered and nonfiltered bacterial treatments, with 13% of ants visiting the wells for all the nonfiltered bacterial treatments and 12% of ants visiting for all the filtered treatments (F ϭ 0.2, df ϭ 1, 71; P ϭ 0.655). The control treatments of filtered and nonfiltered NB showed a significantly higher (F ϭ 318.78, df ϭ 3, 71; P Ͻ 0.0001) proportion of ants visiting compared to the bacterial cultures, with a mean value of ca. 38% ants for both the filtered and nonfiltered control treatments. Cell-free supernatants of cultures of HGB007 (grown for 108 h), HGB008 (grown for 132 h), and HGB325 (grown for 132 h) were autoclaved to determine the effect of heat treatment on ADF activity as detected by consumption of solutions (Fig. 4A) . There was no significant difference between autoclaved and nonautoclaved treatments (P Ͼ 0.9). Field experiments were consistent with lab experiments in that there was no significant difference between the amounts of suspension left in the heated and nonheated treatments (P Ͼ 0.79), with 0.12 ml (60%) for the nonautoclaved treatments and 0.11 ml (55%) for the autoclaved treatments (data not shown). Again, the difference among the bacterial treatments was not significant (P Ͼ 0.05) and a highly significant difference was observed between the bacterial and control treatments (F ϭ 96.51, df ϭ 7, 98; P Ͻ 0.0001) (data not shown).
As a further test of the heat stability of ADF, insect larvae killed by HGB007, HGB008, or HGB325 were autoclaved and compared with nonautoclaved larvae for their effect on ant visitation. L. humile did not respond to the autoclaved and nonautoclaved bacterium-killed insects differently (Fig. 4B) .
To assess the approximate molecular size of ADF, cell-free supernatants of HGB007 cultures (grown for 48 h) were fractionated on a 10-kDa-pore-size membrane and tested for ADF activity at the Wisconsin test site by measuring consumption of solutions. L. alienus and F. subsericea ants did not consume treatments of water (without attractant), eluate, or reconstituted samples. However, the sucrose-control treatment and most of the retentate treatment were consumed. The proportions of substrate (mean Ϯ standard error) removed from wells (in ascending order) were as follows: water, 0.17 Ϯ 0.04; eluate, 0.38 Ϯ 0.03; supernatant, 0.45 Ϯ 0.04; reconstituted eluate plus retentate, 0.47 Ϯ 0.03; retentate, 0.89 Ϯ 0.05; sucrose, 1 Ϯ 0). There were significant differences (F ϭ 26.7, df ϭ 6, 10; P Ͻ 0.0001) among the treatments, demonstrating that ADF activity was present in the Ͻ10-kDa eluate and supernatant.
Cell-free supernatants of HGB007 cultures (grown for 48 h) were tested at the Wisconsin test site for the effect of pH on consumption. L. alienus and F. subsericea ants consumed sucrose controls of each pH tested (data not shown), but ADF activity in test strains was lost at low pH values. The precise pH at which activity was lost depended on the ant species. L. alienus ants consumed supernatants of pH 6.0 or less, while F. subsericea ants were still repelled by supernatants at pH 4.0 and pH 6.0 but not by supernatant at pH 2.0 (data not shown).
FIG. 4. Effect of autoclaving on ADF activity. (A)
The mean proportion of bacterial suspension removed from wells for autoclaved and nonautoclaved treatments after exposure to laboratory ant colonies. Supernatants were taken from bacterial strains (indicated below each bar) grown for 132 h (HGB325 and HGB008) or 108 h (HGB007) before autoclaving and addition of sucrose to 5%. NB with 5% sucrose was used as a control. There was no significant difference (P Ͼ 0.05 by Duncan's new multiple-range test) between the values with the same lowercase letter above the bars. Ants consumed significantly more of the control treatment than the three bacterial treatments (F ϭ 299.81; df ϭ 7, 98; P Ͻ 0.0001). Between 18 and 97 ants visited each plate. (B) Mean proportion of Berkeley field ants visiting autoclaved and nonautoclaved treatments of 4-day-old, postinfected insects that had been killed with the bacterial strain indicated below each bar. Each replicate consisted of two cadavers from each treatment in a plastic petri dish. The experiment was conducted once with 25 replicates. There was no significant difference (P Ͼ 0.05 by Duncan's new multiple-range test) between the values with the same lowercase letter above the bars. A significantly higher proportion of ants visited the control larvae compared to that of ants visiting the bacterium-killed insects (F ϭ 192, df ϭ 7, 482; P Ͻ 0.0001). Sample size ranged from 21 to 124 ants/dish.
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DISCUSSION
The results of our experiments show that the symbiotic bacteria of certain entomopathogenic nematodes produce a factor(s), ADF, which deters ants from visiting and/or feeding on otherwise attractive substrates of either sucrose or dead insect larvae. These results are consistent with the observations of Baur et al. (2) , and differences in observed ADF activity between the two studies can be readily explained by differences in strains, forms, growth rate, and/or cell count.
Although Photorhabdus and Xenorhabdus species occupy the same pair of ecological niches (the intestines of symbiont nematodes and the hemocoel of insects) Heterorhabditis-Photorhabdus and Steinernema-Xenorhabdus entomopathogenic nematode-bacterium complexes are widely divergent and have separate origins (4, 20) . In fact, there is less than 20% identity between the genomic DNA from species in the Xenorhabdus and Photorhabdus genera (5). Poinar (20) concluded that a similar pattern of infectivity, life cycle, and association with bacterial symbionts is the result of convergent evolution. In light of this hypothesis, it is possible that the ADF activities produced by Xenorhabdus and Photorhabdus are distinct compounds and that ADF production is also an example of a convergently evolved function.
There are major physiological differences between the 1°a nd 2°forms for both Xenorhabdus and Photorhabdus bacteria (3, 6, 8) . For example, 1°-form variants produce more antibiotics and show differences in their ability to absorb certain dyes compared to 2°-form variants. The two variants produced different levels of ADF activity under some, but not all, test conditions. X. nematophila HGB030 (2°form derived from HGB007) did not produce ADF activity when tested in vitro at the Wisconsin test site (Table 3 ). In contrast, P. luminescens HGB159 (2°form) exhibited ADF activity under in vitro conditions, but not when injected into insects (in vivo) ( Table 2) . One possible explanation for these differences may be that growth of 2°-form P. luminescens within insects is not optimal for production of ADF. Alternatively, the mechanisms of phenotypic variation, and, in turn, the regulation of ADF production, may be distinct between Xenorhabdus and Photorhabdus genera.
Under in vitro conditions, higher sucrose concentrations in the suspensions resulted in more ants feeding, indicating that sucrose masked the effects of ADF. However, experimental conditions, such as test location or ant species used, yielded differences in the level of sucrose required for masking. These differences may have been due to different sensitivities of the ant species used in each location, differences in culture medium and time, or differences in some other variable parameter of the field sites.
The length of time postinfection or bacterial culture time can greatly impact the titer of ADF. Kaya et al. (16) observed that Pheidole megacephala (Fabricius) heavily scavenged insects killed by entomopathogenic nematodes that were less than 4 days postinfection of the nematode. The data indicated that the ADF titer was low, suggesting that the bacteria did not produce sufficient ADF during the early infection period. Other invertebrate scavengers such as earwigs, cockroaches, and slugs may also feed on nematode-killed insects in the early stages of nematode development and abort IJ production (16) . (Fig. 2) showed that X. nematophila HGB007 ADF activity against L. humile was greatest when cells were grown for 108 h and P. luminescens HGB008 ADF activity was greatest in samples taken after 132 h of growth, consistent with the results of in vivo experiments. An extensive time course experiment was not conducted at the Wisconsin test site since, under these conditions, bacterial cultures grown for 48 h produced sufficient ADF activity to completely deter L. alienus and F. subsericea ants when resuspended in 25% sucrose.
California in vitro experiments
Our data revealed a number of characteristics of ADF, although it should be stressed that more than one compound could have deterrent activity. ADF from X. nematophila HGB007 is present in the cell-free supernatant and can pass through a 0.45-m-pore-size Millipore filter, indicating that ADF is extracellular. Autoclaving supernatants did not eliminate ADF activity; therefore, the compound(s) may be nonproteinaceous. Molecular size fractionation of filtered supernatants suggests that ADF from X. nematophila HGB007 is a small compound of less than 10 kDa, and it was found that ADF is sensitive to acidic pH. Interestingly, these attributes are similar to those of ␤-exotoxin of Bacillus thuringiensis Berliner, an insect feeding deterrent (19) .
This work confirms and extends previous observations that the production of ADF activities by entomopathogenic bacteria plays a significant role in protecting nematode-killed insects from scavengers (2) . Scavengers can be detrimental to the nematodes if the cadavers are damaged or consumed before the nematodes can complete their life cycle, and the production of ADF by symbiont bacteria may serve to protect the cadaver and the nematodes within. Thus, ADF production can be added to the list of compounds produced by symbiont bacteria (such as antibiotics) that increase the fitness of the nematodes (7) .
Scavengers, such as ants, can adversely affect the persistence of entomopathogenic nematodes being used as biological control agents. We have shown that ADF produced by the nematodes' symbiotic bacteria can deter ants from feeding on nematode-killed insects. Future research is needed to elucidate the nature of ADF, isolate the gene(s) required for expression of ADF, and determine the range of its activity against insects and other arthropods or vertebrates. The results of such studies may lead to an enhancement of ADF activity and to ADFfortified nematode application as a viable approach to agricultural and structural pest management.
